The fermentation of carbohydrates by Bacillus macerans yields ethanol, acetone, acetic and formic acids, hydrogen, and carbon dioxide (Schardinger, 1905; Donker, 1926) . In bacteria, hydrogen is known to arise anaerobically through pyruvate cleavage which also yields acetate and CO2. The most thoroughly studied of these reactions are the phosphate-requiring cleavage reactions in Escherichia coli Werkman, 1943, 1944; Chantrenne and Lipmann, 1950; Strecker et al., 1950) , and in Clostridium butyricum (Koepsell and Johnson, 1942; O'Kane, 1953, 1955; Mortlock and Wolfe, 1958) . E. coli and C. butyricum appear to cleave pyruvate in different ways although the end products-acetyl phosphate, carbon dioxide, and hydrogen-are the same. In the system from E. coli, the primary 2-carbon fragment resulting from the cleavage of pyruvate appears to be at the acetate level of oxidation, the electrons residing in the formate moiety; whereas in the system from C. butyricum, evidence suggests that the 2-carbon cleavage fragment is at the aldehyde level of oxidation, the 1-carbon product being carbon dioxide (Mortlock, 1958) .
The present investigation was made to elucidate the mechanism of pyruvate cleavage by B. macerans and to compare this mechanism with that found in Aerobacter aerogenes (a system similar to that of E. coli) and C. butyricum. We have found that intact cells of B. macerans resemble cells of E. coli in exchanging formate rapidly with pyruvate and in possessing an active formic hydrogenlyase. However, in cell extracts where the labile formate activating system is absent, the C02-pyruvate exchange reaction closely resembles that of C. butyricum.
A brief report of some of these results has appeared (Hamilton and Wolfe, 1957) .
MATERIALS AND METHODS
Organisms and culture conditions. B. macerans (ATCC strain 7048) was cultivated in a medium 1 Supported by the National Science Foundation grant no. 1818. containing (per 100 ml): soluble starch, 1.0 g; tryptone, 0.5 g; yeast extract, 0.3 g; and K2HPO4, 1.0 g. A solution of mineral salts was added to give the following concentration of salts in the completed medium (per L): magnesium sulfate, 10 mg; manganous sulfate, 10 mg; boric acid, 1.2 mg; molybdic anhydride, 0.2 mg; ferrous sulfate, 0.1 mg; and sodium chloride, 50 mg. Phosphate was sterilized separately and added aseptically to the other constituents after cooling. The final pH of the sterile medium was 7.6.
Cells were cultured at 37 C in 12-L flasks by the use of standard aseptic techniques. Each flask was inoculated with 500 ml of a culture actively producing gas and was harvested in 18 to 24 hr. At this time, the optical density as measured at 660 m,i in an Evelyn colorimeter was normally about 0.4, the pH 5.8 to 6.0, and gas formation was still active. A cell yield of 31 to 35 g (wet weight) per 10 L of medium was obtained under these conditions. Some studies were made with cultures in which the pH was maintained between 7.0 and 7.5 by regular additions of sterile 40 per cent sodium hydroxide solution.
A. aerogenes strain J-6 was kindly supplied by Dr. E. Juni. The organism was cultivated in a medium containing (per 100 ml): glucose, 1.0 g; tryptone, 1.0 g; K2HPO4, 0.8 g; and yeast extract, 0.25 g. Phosphate and glucose solutions were sterilized separately and combined aseptically with the medium after it had cooled to 30 C. The pH of growing cultures was maintained between 7.0 and 7.5 by addition of sodium hydroxide in an attempt to reduce the level of the acetoin-forming system. Stationary cultures yielded approximately 60 g wet cells per 10 L of medium.
C. butyricum, (ATCC strain 6014) was cultured as described previously (Wolfe and O'Kane, 1953) , except that the pH of the medium was maintained between 7.0 and 7.5 during growth. Clostridium Preparation of cell-free extracts. The procedure for grinding cells in a glass mill as described by Utter and Werkman (1942) was found to be the best method for the preparation of extracts. Cells were frequently stored at -5 C for several days before grinding. These cells were thawed and mixed into a thick paste with 150 mesh powdered glass at a ratio of 2 g glass per 1 g wet weight cells. After being ground in a power driven cone the paste was suspended in 0.02 M phosphate buffer (pH 6.5) containing 2 mg of glutathione per ml, 2 ml of buffer solution being added per g of cells ground. After removal of glass and cell debris by centrifugation, the cell-free supernatant contained 20 to 30 mg protein per ml.
Cells of C. acidiurici were crushed in a Hughes press and suspended in 0.01 M phosphate buffer (pH 7.5) containing 0.01 per cent sodium sulfide. The mixture was placed in a sonic oscillator for 1 min and then centrifuged to remove cell debris. The crude extract was used for assaying formate manometrically, and was stable for several weeks in the frozen state.
Chemical methods. Pyruvic acid was determined by the method of Friedemann and Haugen (1943) . Acetyl phosphate was determined by the method of Lipmann and Tuttle (1945) . Acetoin was determined by the method of Westerfeld (1945) . The ceric sulfate method of Krebs and Johnson (1937) was used for the decarboxylation of pyruvate to determine incorporation of C1402 into the carboxyl group. Protein was determined by the colorimetric method of Lowry et al. (1951) . A modification of the method of Happold and Spencer (1952) , suggested by Dr. E. Juni, was used for the determination of 2, 3-butanediol. Through distillation at 105 to 110 C, acetoin could be removed from an acidified mixture of the two compounds. This method was useful when acetoin was present in much greater concentrations than butanediol.
Enzymatic assay of formate. Formate was determined by standard manometric techniques using a soluble formic dehydrogenase obtained from C. acidiurici. In the presence of a cell-free extract and the electron acceptor, Furacin (5-nitro-2-furaldehyde semicarbazone), formate was degraded quantitatively to C02. Acetate, pyruvate, lactate, acetoin, and 2,3-butanediol were inactive in the assay. This method was developed in cooperation with Dr. R. D. Sagers and will be described in detail in a future communication.
Isotopic methods. C'402-pyruvate and HC'400H-pyruvate exchange reactions were followed and measurements of radioactivity were made as described previously (Wolfe and O'Kane, 1955) Each vessel contained phosphate buffer at pH 6.5, 100 ,umoles; diphosphothiamin, 0.1 mg; coenzyme A, 10 units; lyophilized extract as indicated. One side arm contained 0.3 ml of 0.2 M KH2PO4 and 100 Mmoles of sodium pyruvate; a second side arm contained 100 ,moles of NaHC'403 specific activity (cpm/,umole) 436. Gas phase, N2; temperature, 37 C; reaction time, 15 min. relation between the concentration of the extract and the specific activity (cpm per ,umole) of the recovered pyruvate was linear (figure 3). The optimal pH for the C02-pyruvate exchange reaction was 6.5.
The C02-pyruvate exchange reaction required inorganic phosphate, the shape of the phosphate dependency curve being similar to that reported for C. butyricum (Wolfe and O'Kane, 1955) . In B. macerans, negligible exchange occurred in the absence of phosphate. The rate of exchange became maximal when the concentration of K2HP04 was 0.008 M.
C02 activation in this system required coenzyme A and diphosphothiamin. Cofactors were removed from the crude extract by 2 successive treatments with an equal volume of Dowex 1-hydrochloride, as described by Stadtman et al. (1951) . C02 was not activated by the extract treated in this manner. Some activity was restored by the addition of either coenzyme A or diphosphothiamin, and a far higher level of activity by the addition of both (table 3) .
Position of labeling in pyruvate. Ceric sulfate decarboxylation of the pyruvate recovered after completion of an exchange reaction indicated that only the carboxyl group of pyruvate was labeled.
Comparative studies. Extracts of C. butyricum, A. aerogenes, and B. macerans were compared for their ability to incorporate C'402 or HC1400H into pyruvate. As shown in figure 4, (Goldberg and Sanadi, 1952; Ochoa, 1951 Werkman, 1943, 1944) . Moreover, essentially all of the enzyme catalyzing the C02-pyruvate exchange reaction was recovered in extracts, whereas nearly all of the formate-pyruvate exchange capacity of whole cells was lost in extracts. Failure to recover the latter activity indicates that this enzyme system differs from the enzyme system which catalyzes the same reaction in A. aerogenes.
We have confirmed the inability of the extract from C. butyricum to effect a HC'400H-pyruvate exchange, as previously reported by Wilson et al. (1948) , Wolfe and O'Kane (1955) , and Mortlock and Wolfe (1956 
